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bstract

Glucagon-like peptide-2 (GLP-2) is a potent trophic gut hormone, yet its function in ruminants is relatively unknown. Experiment 1 was
onducted as a pilot study to establish the presence of GLP-2 in ruminants and to ascertain whether it was responsive to increased nutrition, as in
on-ruminants. Concentrations of intact GLP-2 in the blood and gut epithelial mRNA expression of proglucagon (GCG) and the GLP-2 receptor
GLP2R) were measured in 4 ruminally, duodenally, and ileally cannulated steers. Steers were fed to meet 0.75 � NEM for 21 d, and then increased
o 1.75 � NEM requirement for another 29 d. Blood samples and ruminal, duodenal, and ileal epithelium biopsies were collected at low intake (Days

6 and �3), acute high intake (Days 1 and 3), and chronic high intake (Days 7 and 29) periods. Experiment 2 investigated the mRNA expression
attern of GCG and GLP2R in epithelial tissue obtained from the forestomachs (rumen, omasum, and abomasum) and intestines (duodenum,
ejunum, ileum, and colon) of 18 forage-fed Angus steers (260 kg BW). In Experiments 1 and 2, real-time polymerase chain reaction showed that
xpression of GCG and GLP2R mRNA was detectable in forestomach tissues, but expression was greater (P � 0.001) in small intestinal and colon
issue. High energy intake tended (P � 0.07) to increase plasma GLP-2 during the acute period and was paralleled by a 78% increase (P � 0.07)
n ileal GCG mRNA expression. After this initial adaptation, duodenal GCG mRNA expression increased (P � 0.08) during the chronic high intake
eriod. Duodenal GLP2R mRNA expression was not affected by energy intake, but ileal GLP2R expression was increased after 29 d of high energy
ntake compared to both the low and acute high intake periods (P � 0.001 and P � 0.01, respectively). These data demonstrate that cattle express
CG and GLP2R mRNA primarily in small intestinal and colon tissues. Increased nutrient intake increases ileal GCG mRNA and plasma GLP-2,

uggesting that GLP-2 may play a role in the trophic response of the ruminant gastrointestinal tract to increased feed intake.
2010 Elsevier Inc. All rights reserved.
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. Introduction

The trophic effect of increased feed intake and gas-
rointestinal mass in ruminants is well documented
1–3] and generally results from hyperplastic growth of
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he ruminal and intestinal epithelium [2,4]. However,
he mechanisms by which nutrient intake increases ep-
thelial hyperplasia have not been elucidated. In non-
uminants, studies suggest that glucagon-like peptide-2
GLP-2) links gastrointestinal growth to increased en-
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rgy intake [5–7]. Glucagon-like peptide-2 is a 33-
mino acid hormone secreted by the enteroendocrine
-cell of the gastrointestinal tract, primarily from the
istal intestine [8,9]. The L-cell produces GLP-2 as part
f a larger precursor mRNA and protein sequence,
roglucagon, which contains the sequences for gluca-
on, GLP-1, and GLP-2. Proglucagon mRNA (GCG)
nd protein are also produced in the pancreas, and it is
he post-translational cleavage by tissue-specific pro-
ormone convertase enzymes that determines the final
ecreted products of glucagon in the pancreas and
LP-1 and GLP-2 in the intestinal L-cell [10].
In non-ruminants, presence of nutrients in the intes-

inal lumen stimulates expression of GCG mRNA
5,8,11] and secretion of GLP-2 from L-cells [6,12].
otential bioactivity of GLP-2 is determined both by its
ecretion and its circulating lifetime, as dictated by the
biquitous serine protease dipeptidyl peptidase IV
DPPIV). Because of the activity of DPPIV, full-length
ctive GLP-2 (1–33) has a half-life of only 7 min [13]
efore it is degraded to GLP-2-(3-33), which has little
ffect in vivo [14]. Effects of GLP-2 occur via the
LP-2 receptor (GLP2R). Expression of GLP2R mRNA

n the nonruminant gastrointestinal tract is greatest in the
roximal small intestine, particularly the jejunum [15].
his distribution also agrees with the site of the greatest

esponse to GLP-2 administration, as GLP-2 increases
mall intestinal mucosal mass by reducing villus cell
poptosis and increasing crypt cell proliferation, partic-
larly in jejunal tissue [16–18].

However, there is a paucity of information describ-
ng the biological function of GLP-2 secretion and the
LP-2 receptor in ruminants. The GLP-2 amino acid

equence is highly conserved among mammals; there is
9%–97% homology between human, mouse, rat, bo-
ine, and pig sequences, suggesting that this sequence
s critical to mammalian metabolism [19]. Thus, GLP-2
ould also be a key nutrient-responsive hormone in
attle. Furthermore, because GLP-2 is nutrient respon-
ive in other species, it could also be a participant in the
daptation response of intestinal and perhaps ruminal
pithelia to diet in cattle. Although GCG and GLP2R
RNA and GLP-2 protein have been identified in ru-
inant ileum by microarray analysis [20], the response

f bovine GCG and GLP2R mRNA and GLP-2 to diet
as yet to be demonstrated.

Because so little information was available regard-
ng GCG and GLP2R mRNA and GLP-2 in ruminants,

pilot study was designed. The objectives of Experi-
ent 1 were to determine whether (1) cattle express

CG and GLP2R mRNA in ruminal and intestinal w
issues and secrete GLP-2 protein in plasma; (2) plasma
oncentrations of GLP-2 and gastrointestinal tissue ex-
ression of GCG and GLP2R mRNA change in re-
ponse to a change in dietary energy intake, which is a
nown stimulus for GLP-2 secretion in non-ruminants;
nd (3) changes in plasma GLP-2 concentrations coin-
ide with changes in GCG mRNA in ruminal and in-
estinal tissues in cattle. The hypothesis of Experiment

was that increased energy intake would increase tis-
ue GCG mRNA and plasma GLP-2 concentrations.
ecause Experiment 1 supported the potential impor-

ance of GLP-2 in the ruminant, Experiment 2 was used
o more precisely define the distribution of GCG and
LP2R mRNA in the ruminant gastrointestinal tract.
he hypothesis of Experiment 2 was that expression of
CG mRNA would be similar to that in non-ruminants,
ith increased expression in the ileum and colon as

ompared to in the duodenum and jejunum.

. Materials and methods

.1. Experiment 1

.1.1. Experimental design
All experimental procedures were approved by the

niversity of Kentucky Institutional Animal Care and
se Committee. Four ruminally, duodenally, and ile-

lly cannulated steers (417.2 � 48.0 kg) were used in
his experiment. Cannulation surgery was performed
ore than 6 mo before the beginning of the experiment

s described by Streeter et al [21]. The experiment
asted 50 d, with 21 d for establishment of baseline
ariables and 29 d for sample collection. For 21 d (Day
21 to Day �1) prior to the start of the collection

eriod, steers were fed 0.75 � NEM (low intake). On
ay 0, diet provided was increased to 1.75 � NEM

equirements (acute and chronic high intakes). Diet
ngredient composition was 87.7% corn silage and
2.3% of a ground corn-based supplement (DM-basis).
dequate protein (12.7%) and mineral/vitamin supple-
ent were fed to meet requirements [22]. Steers were
eighed weekly throughout the experiment (Days �21,
14, �7, 0, 7, 14, 21, 29), and the amount of feed

ffered was recalculated on Days 0, 7, 14, and 21.
uminal, duodenal, and ileal biopsies and blood sam-
les were taken as described below at �6 and �3 d
low), 1 and 3 d (acute), and 7 and 29 d (chronic)
elative to the change in energy intake. Steers were
oused in individual stalls in a temperature- (20 °C)
nd light-controlled (12 h light: 12 h dark) room with

ater available ad libitum.
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.1.2. Sample collection
The biopsy procedure used in this experiment is

imilar to that described in cattle for examining effects
f dietary treatments on gastrointestinal endocrine pa-
ameters [23]. Furthermore, a more frequent sampling
rotocol (�1, 0.5, 1, 2, 4, and 24 h) than the one used
n this experiment (�6, �3, 1, 3, 7, and 29 d) has been
emonstrated to not adversely affect animal health [24].
nimals were biopsied prior to that day’s feeding in a

queeze chute. Mild sedation with xylazine (0.088 mg/
g) was used for animal comfort and to reduce stress.
or ruminal biopsies, ruminal contents were partially or
ully evacuated and 5 or 6 papillae sections were re-
oved from the ventral ruminal sac using Tischler

iopsy clippers. Intestinal (duodenal and ileal) biopsies
ere obtained by fiberoptic endoscopic biopsy by in-

roducing an endoscope (Olympus CF, type CF-1T20L
nd OCV-100 camera) through the appropriate cannula.
uodenal biopsies were obtained approximately 40–50

m distal to the pyloric sphincter and ileal biopsies
pproximately 50–60 cm proximal to the ileal-cecal
unction. Eight 15-mg samples were taken from each
ite using sterilized reusable biopsy forceps (2.5-mm
iameter, 160 cm, Horizons International Corp.). Rep-
icate samples were rinsed with sterile saline, frozen in
iquid nitrogen, pooled into 1 sample per site, and
tored at �80 °C. The biopsy procedure did not appear
o adversely affect animal health (no change in rectal
emperature, DMI, etc.), and previous biopsy sites were
ot visible at subsequent samplings.

Venous blood samples were obtained immediately
fter biopsies by jugular puncture. Aliquots of blood
ere placed into chilled tubes containing EDTA (10
g/mL final concentration) with or without aprotinin

500 kallikrein inhibitory equivalents/mL final concen-
ration), for analysis of DPPIV activity and plasma
LP-2 concentrations, respectively. Samples were

entrifuged (3,000 � g for 10 min) to obtain plasma
nd were frozen at �80 °C until further analysis.

.1.3. Plasma GLP-2 analysis
Plasma preserved with aprotinin (300 �L) was ex-

racted with 70% ethanol (vol/vol, final concentration)
25]. Concentrations of GLP-2 in ethanol-extracted
lasma were measured using a radioimmunoassay em-
loying antiserum code no. 92160 and standards of
uman GLP-2 (proglucagon 126–158, a gift from Novo
ordisk A/S) and monoiodinated Tyr-12 GLP-2, spe-

ific activity � 70 MBq/nmol [26]. The antiserum is
irected against the N-terminus of GLP-2 and therefore
easures only fully processed active GLP-2 of intesti-
al origin (ie, GLP-2 [1–33]). A single assay was em- b
loyed for all samples; sensitivity was 2 pmol/L, and
ntra-assay coefficient of variation was below 6%.

.1.4. Dipeptidyl peptidase IV activity assay
Plasma dipeptidyl peptidase IV activity was deter-

ined using a colorimetric assay using p-nitroanaline
dapted for use on a Konelab 20XT Clinical Analyzer
Thermo Scientific, Waltham, MA). Dipeptidyl pepti-
ase IV hydrolyzes Gly-Pro-p-nitroanilide to Gly-Pro
nd p-nitroaniline. Briefly, 40 �L of plasma was incu-
ated with 60 �L 0.1 M TRIS buffer (0.1 M, pH 8.01;
igma-Aldrich, St. Louis, MO) and 100 �L Gly-Pro-
-nitroanilide (1 mM in TRIS buffer; Sigma-Aldrich).
he mixture was incubated at 37 °C, and p-nitroaniline

elease was measured (405 nm) at 5 and 15 min. For
ach plasma sample, the change in p-nitroaniline re-
ease between the 5- and 15-min incubations was used
o determine plasma dipeptidyl peptidase activity
nmol · min�1 · mL�1). A standard curve was gener-
ted using 0, 8, 16, 22.86, 32, and 40 nmol of p-
itroaniline in TRIS buffer.

.1.5. Extraction of total RNA, reverse transcription,
nd semiquantitative real-time polymerase chain
eaction

Total RNA was extracted from tissues and cDNA
enerated as previously described [27,28]. Specifically,
uminal, duodenal, and ileal tissue samples were ho-
ogenized in Trizol (Invitrogen, Carlsbad, CA) accord-

ng to manufacturer’s instructions to extract total RNA.
he recovered RNA pellet was washed with 75% eth-
nol and centrifuged at 7500 � g at 4 °C for 7 min. The
esulting pellet was resuspended in RNase/DNase-free
ater and stored at �80 °C. Total RNA concentration
as determined spectrophotometrically at 260 nm us-

ng a Nanodrop spectrophotometer ND-1000 (Thermo
isher Scientific, Inc., Waltham, MA). The quality of
xtracted total RNA was verified by analysis with an
gilent 2100 Bioanalyzer (Agilent Technologies, Palo
lto, CA).
Total RNA (5 �g) was treated with DNase I (Am-

lification grade, Invitrogen), where 5 �g total RNA (in
Nase/RNase-free water) was incubated with 1 �L
0� reaction buffer and 1 �L DNase I (1 U/�L). The
ixture was incubated for 15 min at room temperature

efore stopping the reaction with 1 �L of 25 mM
DTA and incubation at 65 °C for 10 min. The entire
olume of DNase-treated total RNA was then used in
he reverse transcription reaction using the SuperScript
II First-Strand Synthesis System for reverse transcrip-
ase polymerase chain reaction (RT-PCR), as suggested

y the manufacturer (Invitrogen). DNase-treated total
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NA was incubated with 1 �L each random hexamers
50 ng/�L) and oligo(dT)20 (50 �M) primers for 10
in at 65 °C before chilling on ice for 1 min. A solution

ontaining 2 �L reaction buffer (10�), 2 �L dithio-
hreitol (0.1 M), 1 �L dNTP mixture (10 mM each), 4
L MgCl2 (25 mM), and 1 �L RNAse Out was added
nd allowed to incubate for 2 min at 37 °C. Following
he 2-min incubation, 1 �L of Superscript III reverse
ranscriptase (200 U/�L) was added to the reaction
ixture. The mixture was incubated at room tempera-

ure for 10 min, followed by 50 min of 37 °C incuba-
ion, and then 10 min at 65 °C. The reaction was
uickly chilled on ice for 1 min and was stored at �20
C until further use.

Relative abundance of GCG and GLP2R mRNA and
8S rRNA (18S) were determined using semiquantita-
ive real-time PCR performed on an ABI 7000 Se-
uence Detection System (Applied Biosystems, Foster
ity, CA). Gene expression assays used Custom Taq-
an Primer and Probe sets that were synthesized by the
ssays-by-Design service. Custom TaqMan Primer and
robe sets consist of 2 unlabeled PCR primers and
aqMan Minor Groove Binding (MGB) probe using
AM as a dye label on the 5= end. Bovine-specific
ucleotide sequences were obtained from previously
ublished sequences in Genbank (National Center for
iotechnology Information, National Institutes of
ealth, Bethesda, MD) or by performing the Basic
ocal Alignment Search Tool (BLAST) of the pre-
icted bovine sequence available in Genbank with a
uman ortholog nucleotide sequence [GCG (Gen-
ank NM_173916), GLP2R (Genbank XM_589370),
8S (Genbank DQ222453)]. Exon junction sites for
ach gene were determined with publicly available

able 1
rimer and probe sets used for real-time PCR analyses of GCG, GL

rimer and probe Location on template (bp)

CG (Genbank NM_173916)
Forward 457–475
Probe (rev.) 478–493
Reverse 500–520

LP2R (Genbank XM_589370)
Forward 1409–1431
Probe (rev.) 1432–1448
Reverse 1452–1469

8S (Genbank DQ222453)
Forward 548–572
Probe (rev.) 593–611
Reverse 625–647

bbreviation: PCR, polymerase chain reaction.
a FAM � six-carboxy-fluorescein used as a reporter dye.
enomic data using the Ensembl Genome Browser u
http://www.ensembl.org/index.html). Sequences used for
rimer and probe sets in this experiment are shown in
able 1.

Each PCR reaction consisted of 12.5 �L TaqMan
niversal PCR MasterMix, No AmpErase UNG (Ap-
lied Biosystems, Foster City, CA), 1 �L cDNA tem-
late, 1.25 �L Custom TaqMan Assays-by-Design
rimers and Probe set, and 10.25 �L DNAse/RNAse-
ree water. The following PCR conditions were used
or the amplification and quantification: initial denatur-
ng (95 °C for 10 min), 40 cycles of a 2-stage ampli-
cation of denaturing (95 °C for 15 s), and annealing/
xtension (60 °C for 1 min), with a melting curve
rogram (60 °C-95 °C) with a heating rate of 0.15 °C/s
nd continuous fluorescence measurements. No-reverse
ranscriptase control and no-template control reactions
ere performed with every assay to ensure the speci-
city of the reaction and the absence of any contami-
ation. Triplicate measurements of GCG, GLP2R, and
8S were made for each tissue cDNA sample.

Relative quantitation of GCG and GLP2R expres-
ion were conducted using the relative standard curve
ethod with expression normalized to 18S rRNA ex-

ression. The standard curve for each gene (GCG,
LP2R, and 18S) was generated using cDNA generated

rom ileal tissue, which was serially diluted 5-fold,
5-fold, 125-fold, 625-fold, 3,125-fold, 15,625-fold,
nd 78,125-fold. The linear range of target quantifica-
ion was established to determine the appropriate
mount of cDNA template to use in the PCR reaction.
he CT values detected by using these dilutions of
DNA were approximately 28 and 35 for the 18S and
arget genes, respectively. Therefore, the optimal dilu-
ions of cDNA template generated from tissue samples

d 18S RNA.

ncea Amplicon size (bp)

GGTGAAAGGCCGAGGAA-3=
M-CTTCTGGGAAATCTCG-3= 64
CGGAGTTCTTCAACGATGT-3=

TCGCAGTATTGCTTTGCTAAT-3=
M-TCAGCCTTCACCTCTCC-3= 61
GGCCCACTGTTTTCG-3=

CTGTAATTGGAATGAGTCCACTT-3=
M-CCAGACTTGCCCTCCAATG-3= 100
GCTATTGGAGCTGGAATTACC-3=
P2R, an

Seque

5=-CT
5=-FA
5=-GG

5=-CC
5=-FA
5=-CG

5=-CC
5=-FA
5=-AC
sed in the PCR reactions were 1-fold for GCG and

http://www.ensembl.org/index.html
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LP2R and 15,625-fold for 18S. The CT values of 18S
RNA were statistically analyzed to ensure similarity of
hese values across sampling days. Semiquantitative
eal-time PCR data were analyzed by normalizing GCG
r GLP2R mRNA abundance to 18S abundance, with
8S simultaneously determined with GCG and GLP2R
alues.

Products from PCR were gel purified according to
he manufacturer’s instructions (PureLink Quick Gel
xtraction Kit, Invitrogen) and submitted for DNA
equencing as previously described [27,28]. Briefly,
pproximately 250 �L of pooled PCR reaction mixture
as electrophoresed through a 1.5% agarose slab gel.
nder UV light, a single cDNA band of the correct size
as excised and placed into a sterile 1.5-mL microcen-

rifuge tube. The gel was dissolved with gel solubiliza-
ion buffer, and the cDNA was extracted with an ex-
raction column and washed with washing buffer. The
olumn-bound cDNA was then eluted using 50 �L of
Nase/RNase-free water. The purified real-time PCR
roducts were sequenced by the University of Florida
NA Sequencing Core Laboratory using appropriate

orward and reverse primers. Resulting sequences were
hen compared to the expected sequence to validate the
eal-time RT-PCR method.

.1.6. Statistical analysis
Data were analyzed using the MIXED procedure of

AS, version 9.1.2 (SAS Institute Inc., Cary, NC, 2004).
he model included the fixed effect of day of sampling
nd the random effect of steer, with day included as a
epeated measure with steer as the subject. If no difference
etween the 2 d in an intake period was found, contrasts
ere used to determine differences among intake periods

low, acute high, or chronic high) on mRNA expression
nd plasma variables. Additionally, a model including the
xed effect of tissue across sampling day and steer was
sed to determine the overall difference in mRNA expres-
ion between the rumen, duodenum, and ileum. Signifi-
ance was declared at P � 0.05, and tendencies were
eclared at P � 0.10.

.2. Experiment 2

.2.1. Experimental design
All experimental procedures were approved by the

niversity of Kentucky Institutional Animal Care and
se Committee. The 18 Angus steers (260 � 17 kg)
sed in this experiment have been previously described
27,28]. Steers were part of an experiment using 3
nfusion treatments: (1) control (water), or infusion of
n additional 20% of ME intake as starch hydrolysate

nto the (2) rumen or (3) abomasum, as previously e
escribed [27,28]. Steers were fed alfalfa cubes (17.8%
P and 1.31 Mcal of NEM/kg, DM basis) at 1.33 �
EM in 12 meals daily (2-h intervals). Additional di-

tary nutrient analysis has been previously reported
27,28]. Steers were individually housed in metabolism
ie stalls (1.2 � 2.4 m2) in a temperature-controlled
oom (20 °C) with water available ad libitum.

.2.2. Sample collection
Steers were slaughtered in the University of Ken-

ucky UDSA-approved slaughter facility on either Day
9 or Day 21. Steers were stunned, exsanguinated, and
mmediately eviscerated. Forestomachs (reticulorumen,
masum, and abomasum), intestines, and liver were
btained. Forestomachs were separated from intestines,
tripped of connective and adipose tissues, separated,
nd emptied of digestive contents. Tissue samples from
he rumen, omasum, and abomasum were obtained
rom the cranial ventral sac, the large order I and II
masal plies, and the antral region, respectively. Sam-
les were rinsed extensively with ice-cold saline, and
pithelial tissue was harvested by scraping with a glass
lide (abomasal tissue) or stainless steel scraper (rumi-
al and omasal tissue) on an ice-cold tray. Epithelial
issue (2 g) was weighed, partitioned into tubes for
NA extraction, and homogenized in 20 mL of ice-cold
ri-Reagent (Molecular Research Center, Cincinnati,
H) before snap-freezing in liquid N2. All tissue ho-
ogenates were stored at �80 °C.
Small and large intestines and cecum were separated

rom the mesentery and divided, and lengths were de-
ermined by looping the intestine across a wet station-
ry board, fitted with pegs at 2-m increments, without
ension to minimize stretching. Based on the total mea-
ured length, the small intestine was divided at the
idpoint into proximal and distal sections. One-meter

ntestinal sections were then excised from the duode-
um (0.5–1.5 m distal to the pyloric sphincter), jejunum
0.5 m to either side of the midpoint of the proximal
mall intestine), and ileum (0.5 m to either side of the
idpoint of the distal small intestine). A one-meter

ection of colon (0.5 m to 1.5 m distal of the ileocecal
unction) was excised from the large intestine. Excised
ections were gently stripped of digesta, everted, rinsed
xtensively with ice-cold physiological saline, blotted
ry, and weighed. Epithelial tissue was harvested with
glass slide and preserved for RNA isolation as de-

cribed above. All sampled tissues were weighed, pro-
essed, and frozen within approximately 45 min of

xsanguination.
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.2.3. Extraction of total RNA, reverse transcription,
nd semi-quantitative real time-PCR

Total RNA was extracted from homogenized epithe-
ial tissue samples according to the manufacturer’s in-
tructions (Tri-Reagent) and was washed, resuspended,
nd stored as described above. Total RNA was purified
y a column-based kit (RNeasy Mini Kit, Qiagen, Va-
encia, CA), as previously described [28]. The resulting
urified total RNA was eluted with 60 �L of DNase/
Nase-free water. Total RNA concentration and qual-

ty was determined as described previously. Total RNA
5 �g) was treated with DNase I, reverse-transcribed
nto cDNA, and stored as described above. Relative
bundance of GCG and GLP2R mRNA and 18S rRNA
ere determined as described for Experiment 1. Se-
uences used for primer and probe sets in this experi-
ent are shown in Table 1. As described for Experi-
ent 1, relative quantitation of GCG and GLP2R

xpression were conducted using the relative standard
urve method with expression normalized to 18S rRNA
xpression. The standard curve for each gene (GCG,
LP2R, and 18S) was generated using a pooled cDNA

ample generated from a composite of 1 �L each of
uodenal, jejunal, and ileal cDNA from all animals in
he experiment, which was serially diluted 5-fold, 25-
old, 125-fold, 625-fold, 3,125-fold, 15,625-fold, and
8,125-fold. The linear range of target quantification
as established to determine the appropriate amount of

DNA template to use in the PCR reaction. The CT

alues detected by using these dilutions of cDNA were
pproximately 28 and 32–35 for the 18S and target
enes, respectively. Therefore, the optimal dilutions of
DNA template generated from tissue samples used in
he PCR reactions were 1-fold for GCG and GLP2R
nd 15,625-fold for 18S. The CT values of 18S were
tatistically analyzed to ensure similarity of these val-
es across treatment. Semiquantitative real-time PCR
ata were analyzed by normalizing GCG or GLP2R
RNA abundance to 18S abundance, with 18S simul-

aneously determined with GCG and GLP2R values.

.2.4. Statistical analysis
One animal was excluded from all analyses because

t was removed from the experiment. Forestomach and
ntestinal tissue mRNA expression data were analyzed
sing the MIXED procedure of SAS, with a model
ncluding infusion treatment, tissue, and their interac-
ion as fixed effects and period and block(period) as
andom effects. For mRNA expression variables, tissue
as included as a repeated measure with the subject as
reatment*block(period). When a significant tissue ef- o
ect was detected for mRNA expression, means were
ompared using the Tukey-Kramer multiple-compari-
on test. Because there were no infusion treatment �
issue interactions (P � 0.27), means within tissue
cross infusion treatment are presented. A model in-
luding tissue across infusion treatment and steer was
sed to determine the overall difference in mRNA ex-
ression between the forestomach and intestinal sam-
ling sites. Orthogonal single degree of freedom con-
rasts were used to determine the effects of control vs
tarch infusion (average of ruminal and abomasal starch
nfusion treatments) and the effects of ruminal vs abo-
asal starch infusion treatments. Pearson correlation

oefficients were determined between GCG and
LP2R mRNA expression within each tissue site. Sig-
ificance was declared at P � 0.05 and tendencies were
eclared at P � 0.10.

. Results

.1. Experiment 1

Increasing energy intake from low to high was
chieved by increasing (P � 0.001) dry matter intake
DMI) from the low intake period to acute high intake
eriod (3.59 vs 6.45 kg/d). Because DMI was read-
usted weekly based on BW, DMI was slightly lower
P � 0.001) during the acute high intake period than the
hronic high intake period (6.45 vs 6.79 kg/d). Like-
ise, BW was lower (P � 0.002) during the low intake
eriod than the acute high intake period (412 vs 430
g), but BW was not different (P � 0.18) between the
cute and chronic high intake periods (430 vs 437 kg).

Over the entire sampling period, plasma GLP-2 con-
entrations ranged from 9 to 27 pM, and these concen-
rations were affected by energy intake. Increasing en-
rgy intake from low to high tended to increase (P �
.07; Table 2) plasma GLP-2 concentrations by 37% in
he acute period, but concentrations subsequently de-
reased such that GLP-2 concentrations during the
hronic period were intermediate to the acute high
ntake and low intake periods but did not differ from
ither. Plasma DPPIV activity was not affected by a
hange from low intake to acute high intake, but plasma
PPIV activity tended to increase by 22% (P � 0.07)
uring the chronic high intake period vs the acute high
ntake period because of greater (P � 0.002) DPPIV
ctivity at Day 29. Likewise, DPPIV activity during the
hronic high intake period was numerically 19%
reater (P � 0.11) than the low intake period because

f greater (P � 0.002) DPPIV activity at Day 29.
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Proglucagon mRNA (relative to 18S rRNA) was
etected in duodenal and ileal epithelia but not in the
umen epithelium samples (Table 2). Duodenal and
leal GCG expression (relative to 18S rRNA) were
ifferentially affected by a change in energy intake.
hanging from low intake to acute high intake numer-

cally decreased duodenal GCG mRNA expression,
hereas chronic high intake tended to increase (P �
.08) duodenal GCG mRNA expression by 141%, rel-
tive to the acute period of high intake. In contrast to
he effect of energy intake on duodenal GCG expres-
ion, there was a tendency for an increase (P � 0.07) in
leal GCG mRNA expression by 78% following the
hange from low to acute high intake, but then ileal
xpression of GCG mRNA decreased slightly, such that
xpression during the chronic high intake period was
ntermediate to that observed for the low and acute high
ntake periods and did not differ from either.

Expression of the GLP2R mRNA was detected in
uminal, duodenal, and ileal epithelia biopsies (Table
). Across all sampling days and steers, expression of
LP2R mRNA in the duodenum and ileum was ap-
roximately 39-fold greater than that in the rumen (P �
.001) but expression did not differ between the two
ntestinal sites (P � 0.91). Rumen GLP2R mRNA ex-
ression was variable, but there was an apparent nu-
erical trend of decreasing expression as animals were

hanged from low to acute high to chronic high intake;
owever, this effect was strongest between the low
ntake and chronic high intake periods but was not
ignificant (P � 0.14). Duodenal GLP2R expression

able 2
eans of plasma variables and relative expression of proglucagon a

rom 0.75 � NEM energy intake (days �6 and �3) to 1.75 � NEM

Day

Low Acute

�6 �3 1 3

lasma
Active GLP-2, pM 14.0 10.3 15.5 17.8

PPIV, nmol/(mL●min) 17.9 19.1 19.1 17.1
roglucagon mRNAa

Rumen ND ND ND ND
Duodenum 1.80 0.84 0.65 0.8
Ileum 0.89 0.92 1.67 1.5

LP-2 receptor mRNAa

Rumen 0.051 0.031 0.029 0.0
Duodenum 0.47 1.17 1.01 1.4
Ileum 0.61 0.84 1.27 1.0

bbreviations: DPPIV, dipeptidyl peptidase IV; GLP-2, glucagon-lik
a Relative to 18S rRNA expression.
b Significance results from statistical difference of low or acute pe
as not affected by changes in energy intake level. Ileal W
LP2R expression did not differ between the low in-
ake and acute high intake periods, but chronic high
ntake tended to increase (P � 0.06) ileal GLP2R ex-
ression compared to the acute high intake period be-
ause of greater (P � 0.01) expression at Day 29.
ikewise, ileal GLP2R expression was greater (P �
.004) during the chronic high intake period vs the low
ntake period because of greater (P � 0.001) ileal
LP2R mRNA expression at Day 29.

.2. Experiment 2

Proglucagon mRNA was detected in all forestomach
nd intestinal epithelia analyzed (Fig. 1A and 1B).
owever, intestinal tissue (duodenum, jejunum, ileum,

nd colon) expression of GCG mRNA (relative to 18S
RNA) was approximately 5000-fold greater (P �
.001) than expression by forestomach epithelia (ru-
en, omasum, and abomasum). Within the forestom-

chs, abomasal expression of GCG mRNA was greater
P � 0.004; Figure 1A) than ruminal and omasal ex-
ression. Within the intestines, duodenal GCG mRNA
xpression was less (P � 0.001; Figure 1B) than that in
he jejunum, ileum, and colon, but expression in distal
ntestinal segments did not differ from each other.

Expression of GLP2R mRNA was detected in all 7
issues analyzed (Fig. 1C and 1D). However, intestinal
issue (duodenum, jejunum, ileum, and colon) expres-
ion of GLP2R mRNA (relative to 18S rRNA) was
pproximately 49-fold greater (P � 0.001) than fores-
omach expression (rumen, omasum, and abomasum).

-2 receptor mRNA (to 18S rRNA) in steers (N � 4) changed
intake (days 1, 3, 7, and 29).

SEM P value

Chronic Low vs
acute

Low vs
chronic

Acute vs
chronic7 29

12.5 16.5 2.250 0.07 0.31 0.36
16.3 27.7 5.98 0.85 0.11b 0.07b

ND ND
2.09 1.48 0.710 0.31 0.42 0.08
0.96 1.35 0.359 0.07 0.50 0.22

0.009 0.015 0.0252 0.62 0.14 0.28
1.34 1.62 0.650 0.49 0.28 0.70
1.28 2.24 0.421 0.17 0.004b 0.06b

de-2; ND, not detected; SEM, standard error of the mean.

Day 29 of the chronic period.
nd GLP
energy

2
5

37
8
4

e pepti
ithin the forestomachs, abomasal expression of
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LP2R mRNA was greater (P � 0.001; Figure 1C)
han ruminal and omasal expression. Within the intes-
ines, expression of GLP2R mRNA was greatest (P �
.01; Figure 1D) in the ileum and lowest in the colon,
nd jejunal and ileal expression of GLP2R mRNA did
ot differ from either ileum or colon.

Infusion treatment had few effects on expression of
CG and GLP2R mRNA. Infusion treatment did not

ffect GCG or GLP2R mRNA expression in the rumen,
ejunum, ileum, or colon (data not shown). Infusion
reatment did not affect omasal GCG mRNA expres-
ion, but abomasal starch infusion tended to increase
P � 0.08; Fig. 2A) omasal GLP2R mRNA expression
ompared to ruminal starch infusion. In contrast, abo-
asal starch infusion tended to decrease (P � 0.09;
ig. 2B) abomasal GCG mRNA expression compared

o ruminal starch infusion, and infusion treatment did
ot affect abomasal GLP2R mRNA expression. Starch
nfusion (ruminal or abomasal) tended to decrease (P �
.06; Figure 2C) duodenal GCG mRNA expression
ompared to control (0.56 and 0.54 vs 1.07, ruminal
nd abomasal starch vs control, respectively). Ruminal
tarch infusion increased (P � 0.001; Fig. 2C) duode-
al GLP2R mRNA expression compared to abomasal

ig. 1. Expression (normalized to 18S rRNA, 18S) of proglucagon (GC
GLP2R) mRNA by forestomach (C) and intestinal tissues (D) of gr
ithout a common superscript letter differ (Tukey-Kramer test; P �
tarch infusion (1.96 vs 1.04), whereas control infusion c
as intermediate (1.39) and not different from starch
nfusion.

Across all steers and treatments, expression of GCG
nd GLP2R mRNA was positively correlated in the
ejunum (r2 � 0.59, P � 0.001), ileum (r2 � 0.28, P �
.02), and colon (r2 � 0.51, P � 0.001), but not in the
uodenum or any of the forestomachs (rumen, omasum,
bomasum).

. Discussion

.1. Bovine GCG mRNA, plasma GLP-2, plasma
PPIV, and GLP2R mRNA

The first objective of Experiment 1 was to determine
he existence of GCG and GLP2R mRNA in bovine
astrointestinal tissues and to assay for circulating
lasma GLP-2. As mentioned previously, GCG and
LP2R mRNA and GLP-2 protein have been identified

n ruminant ileum [20,24], but expression of mRNA for
CG and GLP2R across the ruminant gastrointestinal

ract and concentrations of plasma GLP-2 have not been
reviously reported in the bovine. To our knowledge, the
wo experiments reported here are the first to characterize

NA by forestomach (A) and intestinal tissues (B) and GLP-2 receptor
beef steers (N � 17). Data are expressed as means � SEM. Means
G) mR
owing
omponents of this biological axis in the bovine.
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The mRNA for GCG is expressed along the bovine
astrointestinal epithelia. In Experiment 1, GCG
RNA was detected in bovine duodenal and ileal mu-

osa, but not ruminal tissue, whereas in Experiment 2,
CG mRNA was detected across the gastrointestinal

ig. 2. Expression (normalized to 18S rRNA, 18S) of proglucagon
GCG) and glucagon-like peptide-2 receptor (GLP2R) mRNA in
masum (A), abomasum (B), and duodenum (C) of growing beef
teers infused with water (Control, N � 6), or an additional 20% of
E intake as starch hydrolysate into the rumen (R-SH, N � 5) or

bomasum (A-SH, N � 6). Orthogonal single degree of freedom
ontrasts were used to determine the effects of control vs SH (average
f R-SH and A-SH) and the effects of R-SH vs A-SH. Data are
xpressed as means � SEM.
ract, including ruminal tissue. The inability to detect f
CG mRNA in ruminal tissue in Experiment 1 (biopsy)
ut not Experiment 2 (epithelial scrapings) is likely
ecause of (1) the limited amount of total RNA ob-
ained using biopsy, (2) extremely low mRNA expres-
ion observed in ruminal tissue, and (3) a biopsy sam-
le likely composed of both muscle and epithelial tissue
n Experiment 1 but primarily epithelial tissue in Ex-
eriment 2. Expression of GCG mRNA in the ruminant
as been previously detected only in ileal tissue
20,24]. Because the real-time RT-PCR technique used
n this experiment is highly sensitive and can detect
ery low expression of mRNA [29], we were able to
dentify expression of both GCG and GLP2R mRNA in
ll 7 measured tissues of Experiment 2.

Relative to intestinal tissue expression, GCG mRNA
xpression in the rumen and omasum was extremely
ow, and abomasal expression was greater than ruminal
nd omasal expression, but still very low relative to
ntestinal tissue expression. Glucagon-immunoreactive
ells have been observed in the abomasum but not
he rumen or omasum [30]. It is unlikely that these
issues would contribute toward circulating gluca-
on-like peptides, and the majority of circulating
lucagon-like peptides are, presumably, secreted
rom L-cells of the intestinal tract. Intestinal expres-
ion of GCG mRNA was substantially greater than
orestomach expression, and within the intestinal
egments, expression was lower in the duodenum
ompared to jejunum, ileum, and colon. This distri-
ution in the intestinal tract agrees with the expres-
ion patterns of GCG mRNA and glucagon-like pos-
tive cells in non-ruminants [8,9] and the distribution
f glucagon-like positive cells in ruminants [30].

The observed concentrations of GLP-2 in bovine
lasma (9 –27 pM) are similar to concentrations re-
orted in rats, but low compared to humans [6,7].
he finding that plasma GLP-2 concentrations in
attle change with alterations in energy intake pro-
ides evidence that GLP-2 is a nutrient-responsive
ormone in ruminants. Moreover, plasma GLP-2
oncentrations paralleled changes in ileal GCG
RNA expression, which may suggest that increased
CG mRNA expression in ileal epithelium resulted

n an increase in GLP-2 protein, with subsequent
ecretion into the blood.

The biological activity of GLP-2 is related not only
o the amount secreted, but also to the proportion of
ctive GLP-2 in the blood, which is determined by the
ctivity of DPPIV, the putative enzyme responsible for
eactivation of active GLP-2 (1–33) to its inactive

orm, GLP-2 (3–33). Because plasma DPPIV activity



d
t
o
e
m
c
a
m
t
[
a
b
p
m
i
t

t
d
t
m
n
r
l
n
r
G
o
e
a
G
a
i
s
m
p
c
b
G
s
t
e
b
t
e
t
c
i
b
r

4
m

m
a
c
e
i
i
i
i
t
d
G
G
w
G
a
c
b
i
c
i
t
G
e
t
e
p
t
G
i
t
c
s

L
l
c
m
t
p
s
g
t
t
m
r
d
G

190 C.C. Taylor-Edwards et al. / Domestic Animal Endocrinology 39 (2010) 181–193
oes not appear to be regulated by diet in monogas-
rics [31], the increased plasma DPPIV activity we
bserved at Day 29 of the chronic period of high
nergy intake could suggest that DPPIV activity
ight be regulated as a second control mechanism to

arefully modulate the amount of active GLP-2
vailable to induce gastrointestinal growth. This hor-
one may also be tightly regulated because it is also

he primary determinant of the activity of GLP-1
32], a potent incretin hormone. Although GLP-1
ctivity may be determined more by membrane-
ound DPPIV in the gastrointestinal capillaries than
lasma DPPIV activity [31], plasma DPPIV activity
ay play a greater role in regulating GLP-2 biolog-

cal activity, because GLP-2 has a longer half-life
han GLP-1 in vivo and in vitro [13].

Effects of GLP-2 are mediated via the GLP-2 recep-
or. Expression of GLP2R mRNA has previously been
etected only by microarray analysis in ruminant ileal
issue [20], but our results demonstrate that GLP2R
RNA is expressed across the ruminant gastrointesti-

al epithelia. Although GLP2R mRNA was detected in
uminal and omasal tissue, expression was substantially
ower than in the intestines and suggests that GLP-2 is
ot a major determinant of growth or function of the
uminant forestomachs. Abomasal expression of
LP2R mRNA was greater than that in the rumen and
masum, but still substantially lower than intestinal
xpression. However, GLP2R mRNA expression was
lso low in the stomach of non-ruminants [33], yet
LP-2 has been demonstrated to inhibit antral motility

nd gastric acid secretion in the stomach [25,34]. Thus,
t is possible that despite low GLP2R mRNA expres-
ion, GLP-2 may have a physiological role in the abo-
asum of cattle. Expression of GLP2R mRNA in Ex-

eriment 2 was highest in the ileum and lowest in the
olon, with the duodenum and jejunum intermediate to
oth. This finding agrees with data in rodents in that
LP2R mRNA expression is generally lowest in the

tomach, intermediate in the duodenum, and highest in
he jejunum, with ileum and colon expression similar to
ither duodenal or jejunal expression [33]. The distri-
ution of the receptor for GLP-2 corresponds to the
issues that exhibit the greatest growth response to
xogenous GLP-2 administration [15–18]. Presumably,
he GLP-2 receptor is not localized to the intestinal
olumnar absorptive cell, but instead it is found in
ntestinal enteroendocrine cells, subepithelial myofi-
roblasts, and enteric neurons as demonstrated in non-

uminants [15,33,35]. c
.2. Nutrient responsiveness of bovine GLP-2 and
RNA for proglucagon and the GLP-2 receptor

The second objective of Experiment 1 was to deter-
ine whether expression of GCG and GLP2R mRNA

nd plasma GLP-2 concentrations were responsive to
hanges in energy intake using 3 periods: a low level of
nergy intake (days �6 and �3), after an acute increase
n energy intake (days 1 and 3), and after a chronic
ncrease in energy intake (days 7 and 29). Most exper-
ments have investigated effects of fasting and refeed-
ng on GCG mRNA expression or plasma concentra-
ions of the glucagon-like peptides (1 and 2) rather than
ifferences in feeding level per se. Jejunal and ileal
CG mRNA expression and plasma concentrations of
LP-2 generally decrease with fasting and increase
ith refeeding [5,7]. In cattle, although changes in ileal
CG mRNA expression were not observed during or

fter a 48-h fast, plasma GLP-1 concentrations de-
reased with fasting and were restored to pre-fast levels
y 8 h after refeeding [24]. Although the fasting/refeed-
ng model may be expected to induce more substantial
hanges than the model used in the current experiment
n which there is continuous digesta flow, our observa-
ions that ileal GCG mRNA expression and plasma
LP-2 concentrations respond positively to increased

nergy intake agrees with previously reported litera-
ure. Furthermore, the changes in ileal GCG mRNA
xpression slightly precede the temporal pattern of
lasma active GLP-2 concentration and may reflect
ranscription of GCG with subsequent secretion of
LP-2 from ileal L-cells. These results suggest that

leal L-cells play an important role in the early response
o dietary changes, whereas duodenal L cells that are
onsistently exposed to luminal nutrients are less re-
ponsive.

Although nutrient stimulation of the non-ruminant
-cell is relatively clear and well documented, much

ess information is available for the ruminant. Plasma
oncentrations of GLP-1 in cattle are increased by abo-
asal infusion of lipid or casein [36]. In stark contrast

o non-ruminants, starch does not affect or decreases
lasma GLP-1 concentrations in ruminants [36,37],
uggesting that unlike non-ruminants, ruminant gluca-
on-like peptide secretion may not be very responsive
o starch. In Experiment 2, abomasal starch infusion
ended to decrease GCG mRNA expression in the abo-
asum compared to ruminal starch infusion, and both

uminal and abomasal starch infusion decreased duo-
enal GCG mRNA expression compared to control.
reater expression of GCG mRNA in the duodenum
ompared to the abomasum suggests that this would be
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more significant source of GLP-2. Although the in-
reased energy from ruminal starch infusion could be
ypothesized to increase ruminal microbial protein pro-
uction and thus duodenal microbial protein flow [38],
ignificant amounts of infused starch may have by-
assed ruminal fermentation and passed to the duode-
um, given that duodenal GCG mRNA expression was
imilar between ruminal and abomasal infusion treat-
ents. The depression of duodenal GCG mRNA ex-

ression with both starch infusion treatments might
uggest that starch is indeed not stimulatory and per-
aps even suppressive to GCG mRNA expression in the
uminant. Because of forestomach fermentation of di-
tary nutrients, proportionally less dietary starch
eaches the ruminant intestine than in a non-ruminant.
xperiments with ruminants have demonstrated a dif-

erent response to increasing dietary starch than in
on-ruminants. For example, in rats, dietary carbohy-
rate increased pancreatic �-amylase secretion [39],
ut in cattle, abomasal infusion of starch hydrolysate
educed pancreatic �-amylase secretion [40]. There-
ore, the stimulatory effect of starch on glucagon-like
eptide secretion observed in non-ruminants may be
ttenuated or even absent in ruminants.

Regulation of GLP2R mRNA expression is not well
escribed, especially in response to changes in nutrient
ntake. In mice, jejunal GLP2R mRNA expression was
ot affected by 24-h fasting and refeeding periods [5].
n pigs, stomach GLP2R expression was increased by
eplacement of dietary methionine with 2-hydroxy-4-
ethylthiobutyrate, an SCFA that can act as a methio-

ine precursor, but intestinal expression was unaffected
41]. In Experiment 2, abomasal starch infusion tended
o increase omasal GLP2R mRNA expression but de-
rease duodenal GLP2R mRNA expression compared
o ruminal starch infusion. However, it should be noted
hat duodenal GLP2R mRNA expression is signifi-
antly greater than that in the omasum and would likely
ave a larger role in mediating effects of GLP-2 than
eceptors present in the omasum. Similar to the obser-
ations for GCG mRNA expression, intestinal starch
ay not enhance mRNA expression of the GLP-2 sig-

aling system (GCG and GLP2R) but rather may have
suppressive effect in the ruminant. The challenge in

etermining nutrient effects on GLP2R mRNA expres-
ion is that direct effects cannot be easily separated
rom potential indirect effects via GLP-2 itself. It is
nteresting to note that we observed increased expres-
ion of ileal GLP2R mRNA despite greater plasma
LP-2 concentrations in Experiment 1, similar to ob-
ervations in rats given exogenous GLP-2 [42]. Also,
trong positive correlations of GCG and GLP2R mRNA
xpression in jejunum, ileum, and colon in Experiment
suggest that GLP2R mRNA expression is not nega-

ively affected by increased GCG mRNA expression
and potentially plasma GLP-2 concentrations).

In conclusion, we have identified that mRNA for
LP-2 and its receptor and plasma GLP-2 exist in cattle

nd overall appear to respond similarly to other non-
uminant species in response to nutrient intake. In ru-
inants, forestomach expression of both GCG and
LP2R mRNA is detectable but is substantially lower

han intestinal expression, suggesting that other factors
re likely more important in regulating forestomach
pithelial growth. Distribution of GCG mRNA in-
reased from the duodenum to the mid-intestine but did
ot differ among jejunum, ileum, and colon, whereas
istribution of GLP2R mRNA was greatest in ileum
nd least in colon, with duodenum and jejunum inter-
ediate to the ileum and colon. Ileal tissue appears to

espond to an increase in energy intake by increasing
CG mRNA expression and likely secretion of GLP-2,

hus contributing toward greater plasma GLP-2 concen-
rations, whereas duodenal GCG mRNA is less respon-
ive to changes in dietary energy intake. These data
escribe the distribution of GCG and GLP2R mRNA
nd provide evidence that GLP-2 changes occur prior to
ntestinal mass changes observed in ruminants with
ncreasing energy intake. Thus, GLP-2 may be involved
n the intestinal growth response to increasing energy
ntake in cattle.
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